In cytoplasmic inheritance, structural states of a parent cell could be transmitted to offspring cells via two mechanisms. The first is referred to as the hangover of parent structure, where the structure itself remains and faithfully transmits within offspring cells; the second is structural inheritance, wherein the parent structure functions as a template for development of new offspring structure. We estimated to what extent the parent structure affects the development of offspring structure by structural inheritance, using a clone of the diatom Cyclotella meneghiniana. The cell has two siliceous valves (a cell wall part at both cell poles): one is inherited from the parent and the other is newly formed. We estimated cytoplasmic heritability by comparing valve traits (central fultoportulae (CTFP), striae, central area, and cell diameter) of parent and new offspring valves, using single-cell isolation and valve labelling. Parent-offspring valve trait regressions showed that all traits, except CTFP, were significantly correlated. We formulated a quantitative genetic model considering the diatom inheritance system and revealed short-term rapid evolution compared with other inheritance systems. Diatom structural inheritance will have evolved to enable clonal populations to rapidly acquire and maintain suitable structures for temporal changes in environments and life-cycle stages.
Introduction
Inheritance is one of the most important processes of evolution and shows diverse mechanisms [1] [2] [3] [4] [5] [6] . Recently, there has been increasing evidence for non-genetic inherited information without DNA sequence substitution by various mechanisms such as DNA methylation, non-coding RNA, self-sustaining feedback loop of gene expression and maternal effects [3] [4] [5] [6] . Accordingly, the heritability concept has become expanded to incorporate non-genetic inheritance, and has been unified in a general quantitative genetics model that accounts for the various mechanisms of inheritance [7] [8] [9] .
To consider non-genetic inheritance for species with single-cell individuals, the states of parent cell structures could be transferred to offspring via two mechanisms. The first mechanism is by faithful transmission of the traits as residual parent structures in the offspring cells per se (referred to as 'the hangover of parent structure'). The second mechanism is by parent structure affecting the development of offspring structure and contributing to produce a similar structure, known as structural inheritance. Structural inheritance is a cellular transgenerational effect in which existing cellular structures act as templates for the production of similar structures, then the new structures become the components of daughter cells [1] . Examples of known templates for new structures include prion in yeast [10] , pre-existing cortical structures in ciliates [11, 12] and the tooth structure of the protozoan Diffugia corona [13] . Structural inheritance has inspired new concepts of evolutionary biology, including the contribution of the pre-existing cell membrane to eukaryotic cell evolution [14] and the evolution of replicators [15] .
However, there is no general quantitative framework to predict evolutionary dynamics of cell structure. The quantitative cell structural traits are expected to have specific evolutionary patterns compared with evolution of traits that are regulated by genetic, or other non-genetic, inheritance mechanisms [3] [4] [5] [6] , because the structure of a single-cell is a mixture of components with different inheritance patterns. Inheritance by the hangover of parental structure makes the mean trait value of offspring populations equal to that of the selected parent, and does not contribute to new trait variation. In comparison, structural inheritance brings about a difference between the population mean of the selected parent and that of the offspring, and new trait variations could be generated with its incomplete heritability.
Vegetative cell wall formation in the diatom, a unicellular eukaryote, is an example of structural inheritance, in that the shape of the parent cell physically affects the shape of its offspring [16, 17] . Each cell consists of two immutable siliceous valves (cell walls at both cell poles), which can be differentially labelled [18] : one is inherited from the parent and the other is newly formed within offspring cells. The new offspring valves are formed only within a silica deposition vesicle (SDV) that expands inside the solid parent valves [16, 19, 20] . Therefore, parent valves function as the template for the external shape of offspring valves, and the diameter slightly decreased by parent valve thickness [20] . Indeed, the deformation of the valve outline shape and abrupt reduction in cell size can be inherited for many generations [16, 21] , and the degree of inheritance is thought to be influenced by flexibility of the girdle band (bands of silica that support valves) [22] . In addition, the microscale surface structure patterns on the offspring valves correlate with the location of parental organelles [16, 23] and reflect the environmental conditions that a parent cell has experienced [24] [25] [26] [27] [28] .
Determining whether structural inheritance is affected by environmental changes is important for understanding the stability of inheritance [29] . Here, we used the euryhaline diatom Cyclotella meneghiniana, which lives in freshwater to estuarine environments [30] . The diatom exhibits phenotypic plasticity [31, 32] (i.e. a trait difference resulting from exposure to different environmental conditions) in response to changing salinity in the laboratory [26, 27] . In our system, phenotypic plasticity was detected as the trait mean difference between the parent valves in freshwater and offspring valves in seawater. To examine the stability of inheritance following salinity changes, we investigated parent-offspring valve trait regression between parent valves developed in freshwater and offspring in seawater. A change in salinity is a ubiquitous cue for the euryhaline diatom, and Cyclotella species are thought to undergo several speciation events according to freshwater-to-marine migrations [33] .
The state of vegetative cell structure can influence fitness and life-cycle transition. We estimated the heritability of four microscale traits (figure 1a: central fultoportulae (CTFP), striae, central area and cell diameter) which could influence metabolism [20] , mechanical strength [34] and whether the cell switches from asexual to sexual reproduction [21] . The non-genetic inheritance is expected to cause division of cell states between cell lineages. For instance, sibling cells from the same mother cell tend to differentiate into the same sexual fate (egg or sperm) in the centric diatom C. meneghiniana [35] .
In this study, we estimated the heritable non-genetic component within cell trait variance (referred to as 'cytoplasmic heritability') from the regression analysis between the traits on parent and offspring valves using a common euryhaline diatom C. meneghiniana. Furthermore, to characterize the evolutionary dynamics of cell structure, we constructed a simple quantitative genetic model that considered the two inheritance mechanisms of parent traits i.e. the hangover of parent structure and structural inheritance. reproduction can be induced by species-specific environmental stimuli. In C. meneghiniana, the stimulus is exposure to salinity [37] . After sexual reproduction, the vegetative cell with the larger cell diameter is formed [21] .
Material and methods
Sexual reproduction will not be induced in vegetative cells if their diameter is above the size threshold, even if the environmental stimulus is added. Therefore, to use sufficiently large cells of stable vegetative state, the clone was constructed with the following steps.
(i) We induced sexual reproduction by adding saline medium to a clone of NIES-2364 with a cell diameter below the threshold. (ii) Single-cell isolation was performed for cells with a larger diameter that were produced just after sexual reproduction. In addition, during maintenance of the strain and the experiment we checked with microscopy that sexual reproduction had not been initiated.
To avoid mutation and cell diameter decrease, we made preservation stocks of the same isolated clone, and the stock was maintained at low temperature and light intensity to inhibit cell division. For the experiment, cells were cultivated until reaching the mid-to late-log growth phase using sterile fresh water medium (modified Bold's Basal Medium [38] ). For a detailed description, see the Material and methods in the electronic supplementary material.
(b) Morphological observations of the parental and newly formed valves
Cyclotella meneghiniana exhibits phenotypic plasticity to changing salinity [26, 27] . Therefore, to separate the effect of sharing the common external environment from the heritable factor, we investigated whether the inheritance was maintained, even if parent and offspring valves were formed under different saline environments. Each single cell was isolated using an attenuated Pasteur pipette and transferred to a well of a 48-well plate (Iwaki, Osaka, Japan). Each well was filled with freshwater or 50% seawater, and a fluorescent probe (LysoTracker TM HCK-123 yellow; Molecular Probes, Life Technologies, CA, USA) was added to a final concentration of 400 nM in order to distinguish parent and offspring valves. The fluorescent probe is taken up during valve formation [18] . Thus, the two parent valves were not labelled, but the two new offspring valves within a well were labelled (electronic supplementary material, figure S1 ).
Fifty per cent seawater solution was prepared by the dissolution of half the amount of artificial seawater ingredients used for the preparation of a 100% seawater solution in freshwater medium. The cell trait variables were analysed from phasecontrast images. For a detailed description, see the Material and Methods in the electronic supplementary material.
(c) Statistical analysis
Values are reported as the mean and standard error (s.e.). All statistical testing was conducted using R software v. 3.1.2 (R Foundation for Statistical Computing; http://www.R-project.org).
To estimate the heritability, linear regression analysis was performed, with the offspring trait as the dependent variable and the parent trait as the independent variable. A family consists of two parent and two offspring valves (figure 1b,c). For the parent -offspring valve trait regression, the mean (for central area and cell diameter) or sum (for striae and CTFP number) of each of the two valves were used as the trait values. For a detailed description of linear regression analysis, see the electronic supplementary material.
In the quantitative genetic model for non-genetic inheritance, the phenotypic variance (V P ) is decomposed into the sum of the variance of the genetic component (V G ), the variance of the non-genetic inherited component (V CI : further referred to as the cytoplasmic inheritance component), and the non-inherited environmental component (V E ) [2] . In this case, V G is assumed to be zero because we used the diatom cells within a clonal population.
In the parent -offspring valve trait regression, we defined the cytoplasmic heritability as the regression coefficient [29] between the traits on the parent and offspring valves, as follows:
where b is the regression coefficient of the offspring on parent trait values, and the cytoplasmic heritability is h 2 . For analysis of phenotypic plasticity, the trait mean difference between the parent valves in a freshwater environment and the offspring valves in a seawater environment was analysed with the Student's t-test. For the Student's t-test, the normality of the data was evaluated using the Shapiro-Wilks test, while the homogeneity of variance between groups was evaluated using the F-test.
We also investigated whether the developmental noise of simultaneously formed sibling valves would result in valves that resemble each other more than other valves within the population. We then compared the trait difference of actual sibling valve pairs and that of random sampling pairs from the shuffled valve population, using the bootstrap method. The following null hypothesis was tested against a one-sided alternative hypothesis at the 5% significance level: the null hypothesis is that the observed mean difference between actual sibling valves follows the mean distribution of the randomly chosen pair difference between valves. In comparison, the one-sided alternative hypothesis is that the trait difference between sibling cells tends to be smaller than that of randomly chosen pairs (see the electronic supplementary material).
(d) A model for the evolutionary dynamics of cell traits with natural selection
We developed a simple model to investigate the evolutionary dynamics of cell structure involving two inheritance mechanisms of parent structure: the hangover of parent structure and structural inheritance. There are two main assumptions of the model. The first assumption is that the cells have the same genotype (are clones), but show variation in a cytoplasmic heritable factor. Both the heritable factors are assumed to be constant over the time of interest, and the offspring are assumed to inherit the traits via asexual reproduction. Each parent cell produces two offspring cells by symmetric binary fission. The second assumption is that a quantitative cell trait is assumed to follow a normal distribution. The model considers the change in the population mean in response to truncation selection.
The expected mean trait value of the offspring is denoted by
where the mean phenotypic value is denoted as x t and x tþ1 are that of the parent and offspring cells, respectively. 4 x indicates the expected relationship between the parent and offspring cell trait values. From the point of view of biological significance, we assumed that the offspring cell has options of resolving or maintaining parent structure. The resolving option is used for structures that are subject to degradation and there is no hangover of parental structure within offspring cells, called the complete renewal inheritance (CRI) system. CRI resembles the genetic inheritance system for multicellular organisms and epigenetic inheritance systems such as DNA methylation [1, 2] , because the whole offspring body resembles the whole parent body following heritability h 2 .
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Conversely, the option of maintaining parent structure is used for solid structures and designated as a partial renewal inheritance system (PRI), which resembles renewal of the diatom cell structure. This is because one valve is exactly the same as a parent valve and the other valve is formed in the offspring generation following heritability h
.
We used the following definition of the relationship between response to selection R and the selection differential S [29] :
The selection differential S and selection intensity i [29] are related as
where s p is the phenotypic standard deviation of population. The general formula of the relationship between the parent and offspring mean trait value under the selection is
where c represents the hangover ratio of the parental structure, and 1 2 c represents the ratio of the newly formed structure in the offspring generation by structural inheritance. With selection, the mean phenotypic value of offspring population is equal to that of the selected parent at ratio c, and the ratio 1 -c reflects selection but returning to the mean before selection according to incompleteness of its heritability h 2 . S and R follow the equation (2.3). c ¼ 0 corresponds to CRI and c ¼ 0.5 is indicates PRI.
The change of V CI and V P in response to truncation selection is calculated based on equations outlined in [29, 39] (see Material and methods in the electronic supplementary material). There are two assumptions for the variance change: if the character is determined by many factors and the selection is weak, the assumption that V CI and V P remain constant during selection is reasonable [39] . On the other hand, if a small number of factors regulate the trait, the assumption of variance decrement is plausible. We considered a cell trait value to be determined by a small number of factors, such as parental organelle arrangement [11, 12, 23] or the physical restriction of offspring structure development [10, 16, 17] .
The phenotypic variance of the offspring cell V PCELL½tþ1 , from selected parents is denoted by
where P Ã ½t and P ½tþ1 indicate the phenotypic value of parental structure after selection and that of offspring structure developed from the selected parents, respectively. V Ã p½t and V P½tþ1 indicate the phenotypic variance of the parent after selection and that of the offspring respectively. cov(P Ã ½t , P ½tþ1 Þ is the variance of the cytoplasmic inheritance component of selected parents, V Ã CI½t . Here, V Ã P½t , V Ã CI½t and V P½tþ1 were derived from equations (S2), (S3) and (S5) in the electronic supplementary material, respectively. We then repeated the calculation on the heritability, the mean trait value and the variance of the offspring generation using equations (2.1), (2.5) and (2.6) of PRI and CRI, respectively, in every generation.
Results
(a) Parent -offspring heritability for cell structure 
(b) Phenotypic plasticity and similarity of sibling valves
On phenotypic plasticity, the comparison of the parent valves in freshwater and the offspring valves in a seawater environment (figure 1c) showed a significant trait mean difference in the number of CTFPs, but no difference in the other traits (electronic supplementary material, figure S2 and table S2). For similarity of sibling valves, the trait difference between simultaneously formed sibling valves was significantly smaller than that between random pairs for central area diameter and cell diameter and striae (electronic supplementary material, table S3).
(c) Model of the evolutionary dynamics for cell structures
The effects of the hangover of parental structure and structural inheritance on the evolutionary dynamics were investigated (figure 3). As default parameter values, the initial mean trait value was ( x) ¼ 100, phenotypic variance (V P ) ¼ 40, heritability (h 2 ) ¼ 0.3 and the selection intensity (i) ¼ 0.8. The values of mean, variance and heritability were approximately equal to the experimental values of striae number (e.g. striae number in parent formed in freshwater and offspring in seawater, where mean ¼ 86.2, variance ¼ 21.6 and heritability ¼ 0.35). Under the assumption that V P and V CI decrease after selection, cells with PRI showed higher mean trait values than those with CRI during the first 20 generations, after which the trend was reversed, and cells with CRI showed higher mean trait values (figure 3b). The proof for the difference in the trait value increases and the difference in variance decreases between PRI and CRI is shown in the electronic supplementary material. The pattern of the evolutionary trajectory of PRI and CRI is maintained with almost all parameter values of initial heritability (figure 3c) and V P and i (electronic supplementary material, figure S3e,f). The evolution under the assumption that the variance did not decrease and the parameter sensitivity for c are shown in the electronic supplementary material, figure S3.
Discussion (a) Generation and significance of cytoplasmic inheritance in the diatom
We estimated the cytoplasmic heritability of cell-surface structural traits of C. meneghiniana. This is, to our knowledge, the first study estimating the heritability of structural inheritance and the applicability of adopting a quantitative genetics approach for cell structure evolution. The generation of diatom structural inheritance occurs through several different mechanisms. The inheritance of cell diameter ( figure 2d,h) is supported by the limitation of valve formation inside of solid parent valves [16, 20] , and the solidity of the parent valves and girdle bands are thought to mediate degree of inheritance. On the other hand, the inheritance of fine morphological structures such as the striae and central cell area could be determined through the parental organelle location [16, 23] . We detected more accurate heritability in cell diameter and less accurate in striae and central area diameter (table 1) . The template difference (shape of solid valve and organelle arrangements) probably affects the duration and strength of inheritance.
The trait that was not sensitive to external salinity environmental changes was inherited, while the plastic trait was not inherited in the diatom. We revealed that the only trait which exhibited phenotypic plasticity was the number of CTFPs (electronic supplementary material, figure S2 and table S2) which did not show inheritance, whereas the other traits showed inheritance but no phenotypic plasticity. Here, we detected the inheritance by parent-offspring valve trait regression and phenotypic plasticity as the trait mean difference between the parent valves in freshwater and offspring valves in seawater. Our results suggest that at least the variation generated without apparent environmental change, such as developmental noise [40, 41] , is the origin of the variation in diatom structural inheritance. The result that the trait values of the sibling valves were coordinated (electronic supplementary material, table S3) also supported the inheritance of the variation within the homogeneous environment, because it indicated that the sibling valves shared a common cytoplasmic environment in the mother cell.
Temporal structural inheritance, rather than permanent genetic inheritance, may enable diatom clonal populations to acquire suitable structures for fluctuated environments and life-cycle stages. In the diatom, the consequences of structural inheritance were not directly determined, but there are several reports regarding the functions of cell structures. The striae number and central area mediate the number of orifices to the outside for the flux of nutrients and exudates across the cell membrane (areolae) and framework of valves (ribs) [20] , and are considered to cause differences in the metabolism [20] and mechanical strength of a cell [34] . The inheritance may help to maintain suitable states over time, such as metabolic states, for the rapid growth during bloom that lasts for at least one week [42, 43] , and mechanical strength to prevent predation in the presence of zooplanktons [34] . Furthermore, the cell diameter is a critical factor for entering into sex induction [21] , the inheritance probably ensures a sufficient number of mating partners by making surrounding progenies sexually mature under low flow conditions. This study is, to our knowledge, the first example of heritability estimation for cell structure, and we are confident that the concept has a broad range of applications to various types of cells with a way to distinguish cell structure generation. In addition, heritability is a property that is affected by population structure in time and space and environmental conditions [29] ; thus, the observed heritability is only applicable to understanding the specific cell population and conditions employed in this study. Therefore, determining the variation of the heritability of different cell populations under different environmental conditions is an objective for future studies.
(b) Characteristics of evolutionary dynamics of structural inheritance
We propose a new characteristic of evolutionary dynamics of cell structure inheritance compared with other inheritance systems. The PRI resembled the inheritance system for solid or stable parent cell structure such as diatom valve traits and cortical structures in ciliates [11, 12] . In addition, the PRI has theoretical commonality with parental effects [44] , because the parent phenotypic trait directly affects the offspring trait. Conversely, CRI resembled the genetic inheritance system for multicellular organisms and epigenetic inheritance systems such as DNA methylation [1, 2] . In early evolution (less than 20 generations), PRI (c ¼ 0.5, partial renewal inheritance) was predicted to evolve more rapidly than CRI because of the inheritance of half of the selected parental trait (figure 3b). However, during later evolution (more than 20 generations), evolution of PRI ended faster at lower trait value than CRI. The reason is that the total variance in the PRI that contributed to the increased trait value was smaller than that in CRI during the evolution. This is because the variance decrease in every generation followed the difference equations including multiplication, but not simple subtraction of a constant value, based on the normal distribution theory [39] (equation (2.6) and equations (S2)-(S5) in the electronic supplementary material). Taken together, considering the assumption that the strain that reaches a higher phenotypic value more quickly is adaptive under truncate selection, there is an evolutionary trade-off: the inverse relationship of cost and benefit between PRI and CRI in early and later evolution.
The PRI enables rapid evolution only with hangover of parent structure and inaccurate inheritance (figure 3c), and therefore, it may succeed as the primary system before evolution of extra inheritance mechanisms of accurate heritability, and may represent a type of Baldwin effect [45, 46] . Our study could suggest future empirical testing for the evolutionary trade-off by the comparison of strains of different construction and degradation ratios of structure, such as cell-surface receptors (strains of different c in this model).
We characterized the relationship between parent and offspring cell structures using a quantitative genetics approach.
This non-Mendelian inheritance may contribute to early adaptations of cell populations before genetic mutations are able to accumulate in the genome.
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